Previous studies have shown that the feeding of putrescine, a biogenic amine and the precursor of the mammalian polyamines, can promote whole-body growth of chicks. The current study was undertaken to determine the effect of spermine, also a biogenic amine and the most cationic of the polyamines, under similar conditions. In Exp. 1, 120 weekold chicks were fed purified crystalline amino acidbased diets containing 0, .2, .4, .6, .8, or 1.0% spermine for 14 d. Spermine proved highly toxic and growth rates were reduced compared with controls when even .2% was fed. In Exp. 2, chicks were fed 0, .0375, .0750, or .1000% spermine. These concentrations proved less toxic than those used in Exp. 1. Supplemental dietary cysteine was then provided at 0, .3, .6, and .9%
Introduction
The diamine putrescine and the polyamines spermidine and spermine are low-molecular-weight, cationic biogenic amines that are present in cells of higher eukaryotes (Pegg, 1986) .
Although the metabolic significance of these compounds remains uncertain, it is believed that they contribute to the regulation of cell homeostasis; they have been linked t o important roles in cell proliferation, differentiation, and neoplasia (Seiler, 1992) . It has been observed that cellular concentrations of polyamines rise before increases in DNA, RNA, and protein synthesis (Morgan, 19901 , whereas cessation of cellular growth has been cor- J. h i m . Sci. 1995 Sci. . 73:2375 Sci. -2381 related with reduced concentrations of polyamines (Heby et al., 1990) .
The potential for exogenous dietary polyamines t o significantly contribute to growth and health has recently been reviewed by Bardocz et al. (1993) . Supplementation of purified crystalline amino acid diets with .2% putrescine has been shown to promote whole-body growth of chicks (Smith, 1990) . This finding has been interpreted as indicating that putrescine may be an essential nutrient for the chick (Anonymous, 19921 , although an alternative view might be that exogenous putrescine promotes intestinal absorption of nutrients. Supplementation of putrescine and ethylamine to soybean protein-based milk replacer diets for calves (Grant et al., 1989) and neonatal pigs ) enhanced enterocyte proliferation and reduced the adverse effects of soy protein on nutrient absorption.
Spermine is the most cationic and has the highest molecular weight of the mammalian polyamines. The current study was conducted, therefore, to determine whether there would be any beneficial effects of feeding chicks diets rich in spermine.
Materials and Methods

Animals and Experimental Design
Day-old leghorn cockerel chicks (Shaver Poultry Breeding Farms, Cambridge, ON) were housed in electrically heated, thermostatically controlled cages with raised wire floors and were fed a commercial chick starter for 1 wk. In Exp. 1, a total of 120 chicks (five chickdcage, four cageddiet in all experiments) were fed crystalline amino acid-based diets (Calvert et al., 1982, added at the expense of cellulose, were fed to a total of 240 chicks.
The animal care and use protocol was approved by the University of Guelph Animal Care Committee.
Enzyme Assays
Liver, kidney, and breast muscle were analyzed for activities of ornithine decarboxylase (EC 4.2.2.17; ODC) and S-adenosylmethionine decarboxylase (E C 4.1.1.50; AdoMetDC) according to the method of Eloranta et al. ( 1976) and corrected for soluble protein concentration (Lowry et al., 1951) .
Tissue Analyses
In Exp. 1, hepatic lipid content was determined according to Bligh and Dyer ( 19 59) . All tissues excised in Exp. 1 were analyzed for concentrations of ornithine, putrescine, spermidine, spermine, NIacetylspermidine, and NI-acetylspermine as N-heptafluorobutyrylisobutyl derivatives (Lindqvist and Maenpaa, 1982 ) using a modification (Smith, 1990) of the electron capture detection capillary gas-liquid chromatographic technique of Bedford et al. ( 1987) . In Exp. 3 and 4, hepatic glutathione concentrations were determined according to Tietze (1969) .
Statistical Analyses
Data were analyzed by analysis of variance appropriate for a completely randomized design (Steel and Torrie, 1980; SAS, 1982) . Planned comparisons between treatments were made using orthogonal contrasts (Ostle and Mensing, 1975) . Differences between means were considered significant when P < .05.
Results
Experiment 2
Chicks fed diets containing supplemental spermine had significantly reduced growth rates, feed consumption, and gain:feed ratios compared with controls ( 0 % supplementary spermine) ( Table 2 1. Mortality rates of 25, 50, and 60% were seen when .6, .g, and 1.0% spermine was fed, respectively. The effect of supplemental dietary spermine on hepatic, renal, and muscle ODC activities is given in Table 3 . Hepatic ODC activity was significantly decreased when diets containing as little as .2% spermine were fed. Renal ODC activity also declined with supplemental spermine. The ODC activity in muscle was not influenced by diet. Hepatic and renal AdoMetDC activities were even more decreased by the feeding of supplemental spermine (Table 3 ) , and muscle AdoMetDC activity was again not affected by diet. It was also observed 2377 that livers of chicks fed supplemental spermine were less pale and contained significantly less lipid than those of control birds ( Table 3) . The effect of supplemental dietary spermine on hepatic, renal, and muscle concentrations of ornithine, polyamines, and their metabolites is given in Table 4 . Concentrations of ornithine, putrescine, spermidine, N1-acetylspermidine, and spermine were not affected by diet. Hepatic concentrations of N1-acetylspermine, however, were significantly elevated when .6% spermine was fed. The effect was more pronounced in kidney but was not seen in muscle (Table 4) .
The effect of feeding lower concentrations of supplemental spermine on growth of chicks is given in Table 5 . Growth and gain:feed ratios tended to increase when .0375% supplemental spermine was fed ( P > .05), whereas feed consumption was not affected by diet. Hepatic ODC activity was unaffected by supplementary dietary spermine, whereas the feeding of diets containing .lOOO% supplemental spermine lowered renal ODC activity (Table 6 ). Hepatic AdoMetDC activity decreased with the provision of as little as .0750% dietary spermine, whereas renal AdoMetDC activity was less affected by diet.
Experiment 3
The feeding of .400% supplemental spermine decreased chick growth regardless of cysteine supplementation ( Table 7) . Birds fed .050% supplementary spermine without supplemental cysteine tended to have increased growth rates and decreased feed consumption that resulted in increased gaidfeed ( P < .05). Activities of ODC and AdoMetDC and glutathione concentrations were not determined in birds fed supplementary cysteine. Toxic amounts of supplemental spermine (.400%) decreased renal ODC and hepatic and renal AdoMetDC activities, as previously demonstrated (Table S) . The feeding of this level of spermine did not decrease hepatic glutathione concentration compared with controls.
Experiment 4
The feeding of .400% supplemental spermine decreased chick growth and feed consumption regardless of OTC supplementation (Table 9) . A nonsignificant increase in growth and feed consumption was seen when low concentrations of supplemental spermine were fed in the absence of OTC. Analysis of livers from birds fed supplemental spermine again showed no effects of diet on hepatic glutathione concentration. Addition of OTC to spermine-supplemented diets, however, resulted in a nonsignificant increase in hepatic glutathione concentrations.
Discussion
The feeding of supplemental spermine to chicks proved to be more toxic than was previously seen with equivalent amounts of supplemental putrescine (Smith, 1990) . The possible increases in growth and feed efficiency seen when supplemental spermine was fed at low concentrations in Exp. 2, 3, and 4 were also aF5comoles of 14C02 produced.minute-l.gram of protein-l. b a l u e s a r e means, n = 6. *,**Different from chicks fed 0% spermine ( P < .05, .Ol, respectively).
much smaller than was previously seen with putrescine. There is little information in the literature regarding the polyamine content of feedstuffs or foodstuffs (Bardocz et al., 19931 , although the use of purified diets in the current study should have minimized spermine in the control diet. Spermine did not accumulate in tissues in the manner previously observed for putrescine (Smith, 1990) , and the presence of elevated concentrations of the metabolite N1-acetylspermine in liver and kidney may reflect rapid metabolism and excretion of spermine due to the high toxicity of the parent compound. It has been reported that mice injected with spermine and N1-acetylspermine rapidly excreted these compounds in urine (Sarhan et al., 1991) . This is in agreement with the hypothesis that liver and kidney are organs of spermine metabolism and excretion (Pegg and McCann, 1986) . Acute toxicity of spermine has been studied in laboratory animals and is characterized by renal tubular necrosis (Tabor and Rosenthal, 1956 ).
Part of the decrease in chick growth seen when supplemental spermine is provided may, therefore, be due to the metabolic burden of spermine metabolism and excretion. This may also explain the relative lack of effect of spermine on polyamine concentrations and metabolism in muscle; metabolism and excretion may have occurred before transport to peripheral tissues.
The provision of exogenous spermine has been shown to cause dose-dependent inhibition of growth of cultured BHK-21K13 cells (Brunton et al., 1988a,b) . It has been suggested that this may be due to b a l u e s a r e means, n = 4, pooled SEM = 38.9. 'Values are means, n = 4, pooled SEM = .02.
*Different from chicks fed the same diet devoid of spermine ( P < .05). depletion of intracelluar glutathione (Brunton et al., 1990) , although spermine has also been described as having anti-oxidant properties (Lovaas and Carlin, 1991) . Availability of the precursor cysteine can be the limiting factor in maintaining tissue glutathione levels in the chick (Boebel and Baker, 1983) . Experiment 3 was conducted to determine whether depletion of tissue glutathione could contribute to spermine toxicity and whether dietary cysteine supplements could overcome this and result in increased growth in response to supplemental spermine. The lack of a growth response to cysteine supplementation and the lack of effect of supplemental spermine on hepatic glutathione concentration argued against cellular depletion of glutathione as a causative agent in spermine toxicosis. It was possible, however, that cysteine was metabolized before it was utilized for glutathione synthesis.
The compound OTC has been described as an efficient cysteine intracellular delivery system (Williamson et al., 19821 , and Exp. 4 was conducted using OTC to again test the hypothesis that depletion of cellular glutathione may limit the growth-promoting potential of spermine. There was no evidence to support this hypothesis, however. The observation that provision of exogenous spermine reduced hepatic lipid content is supported by the findings of Snowswell et al. (19901, who observed that polyamines regulated a growth hormone-stimulated inhibition of lipogenesis and stimulation of lipolysis in sheep adipose tissue. The ODC catalyzes the synthesis of putrescine from ornithine, and AdoMetDC catalyzes the condensation of putrescine with aminopropyl moieties from decarboxylated S-adenosylmethionine originating from methionine. The ODC and AdoMetDC activities are highly regulated, and they are the rate-limiting enzymes in polyamine synthesis under normal physiological conditions (Seiler, 1992) .
The decrease in renal and hepatic ODC and AdoMetDC activities with the provision of exogenous spermine is in agreement with literature reports indicating feedback inhibition of ODC resulting from intracellular polyamine accumulation (Kahana and Nathans, 1985; Holm et al., 1989) . Such regulation has also been reported for AdoMetDC . This inhibition of regulatory enzymes of polyamine synthesis likely reflects the attempts of the organism to maintain polyamine homeostasis in response to flooding doses of exogenous spermine.
It was concluded that supplemental dietary spermine is more toxic than putrescine and has only limited potential to promote chick growth. Depletion of intracellular glutathione does not seem t o be the cause of this toxicity and dietary supplements of cysteine or the cysteine prodrug OTC do not increase any growthpromoting effect of exogenous spermine.
Implications
It has previously been demonstrated that putrescine, the simplest of the naturally occurring anabolic compounds known as polyamines, can promote animal growth, perhaps by enhancing nutrient uptake from the intestinal tract.
The studies reported in the current article indicate that spermine, the most complex of the mammalian polyamines, is much more toxic than putrescine and has limited potential to promote growth. Spermine should be regarded as toxic to livestock, and feedstuffs rich in this biogenic amine should be avoided in diet formulation.
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